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Takafumi Kadono1, Naoko Kanda2, Shinichi Watanabe2, Kunihiko Tamaki1 and Shinichi Sato1
b-Glucans are pathogen-associated molecular patterns of fungi such as Candida albicans. Here, we studied their
effects on normal human epidermal keratinocytes (NHEKs) from neonatal foreskin, and with high calcium to
induce keratinocyte differentiation, danger signals, and pathogen-associated compounds such as adenosine
50-triphosphate (ATP), poly(I:C), and lipopolysaccharide (LPS). b-Glucan stimulation significantly increased IL-8,
IL-6, and IL-1a production by NHEKs. Well-differentiated NHEKs produced elevated IL-8 levels, whereas ATP, a
danger signal, significantly increased IL-8 and IL-6 production, and the pathogen-associated compound,
poly(I:C), augmented IL-1a production by b-glucan-stimulated NHEKs. No response to LPS from Escherichia coli
was seen. Dectin-1 is known as the major receptor for b-glucans on phagocytes and dendritic cells. Dectin-1
mRNA was detected in NHEKs by reverse transcription-PCR. Flow-cytometric analyses confirmed the NHEK cell
surface expression of dectin-1. Immunoblotting showed that b-glucan induced dual phosphorylation of p44/42
mitogen-activated protein kinase (MAPK) (extracellular signal-regulated kinase (ERK)1/2), and p38 MAPK in
NHEKs; these signaling pathways are known to be associated with dectin-1. Treatment with the ERK inhibitor
PD98059 and with the p38 kinase inhibitor SB203580 effectively suppressed b-glucan-induced IL-8 production
by NHEKs. Thus, high calcium, ATP, and poly(I:C) augment the cytokine and chemokine production by b-glucan-
stimulated NHEKs. Dectin-1 is present on NHEKs and may have an important role in cell response to b-glucan.
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INTRODUCTION
Contact with pathogenic microorganisms such as fungi and
bacteria initiates a series of host responses, beginning with
innate immunity (Pivarcsi et al., 2005). Host innate immunity is
activated by recognition of highly conserved signature mole-
cules in pathogens known as pathogen-associated molecular
patterns by pattern-recognition receptors present on epithelial
cells, neutrophils, macrophages, and dendritic cells. Microbial
killing ensues with phagocytosis and the production of
inflammatory and antimicrobial compounds by these cells.
The innate immune system also initiates and modulates the
adaptive immune responses that are manifested by the
presentation of microbial antigens, leading to the establishment
of immunological memory and protection from the pathogens
(Pivarcsi et al., 2005; Medzhitov, 2007; Netea et al., 2008).
b-Glucans are pathogen-associated molecular patterns
found in numerous fungal species and are the main structural
cell wall glucose polymers of pathogenic fungi such as
Candida albicans (Gow et al., 2007; Taylor et al., 2007).
b-Glucan recognition has been attributed to many pattern-
recognition receptors including mannose receptor, comple-
ment receptor 3, lactosylceramide, surfactant protein D,
CD5, and dectin-1. Among them, dectin-1 has been reported
as the predominant receptor for b-glucan (Willment and
Brown, 2007; Tsoni and Brown, 2008; Goodridge et al.,
2009). For induction of effective anti-fungal immunity,
recognition of b-glucan by dectin-1 on immune cells is vital
(Saijo et al., 2007; Taylor et al., 2007; Ferwerda et al., 2009;
Werner et al., 2009). Therefore, to successfully evade immune
detection, pathogenic fungi such as Histoplasma capsulatum
conceal their b-glucan under a layer of a-1,3-glucan (Rappleye
and Goldman, 2007; Goodridge et al., 2009).
Dectin-1 is a type II transmembrane receptor with a single
extracellular carbohydrate recognition (lectin-like) domain
and immunoreceptor tyrosine activation motif in its cyto-
plasmic tail that is responsible for cell activation (Ariizumi
et al., 2000; Brown et al., 2003; Reid et al., 2009).
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In response to fungal particles such as zymosan, dectin-1 is
shown to use syk-dependent but caspase recruitment
domain-9-independent pathways, such as those leading to
the induction of extracellular signal-regulated kinase (ERK), a
mitogen-activated protein kinase (MAPK) regulating the
dectin-1-mediated production of IL-2 and IL-10 by dendritic
cells (Slack et al., 2007). Aside from ERK, the p38 MAPK
pathway was also activated by zymosan in bone marrow-
derived macrophages (Cuong et al., 2009). Dectin-1 also
interacts with other pattern-recognition receptors, such as
Toll-like receptors (TLRs), to form signaling complexes and to
induce immune responses upon binding to zymosan in
macrophages (Brown et al., 2003).
Although dectin-1 expression and function are extensively
studied in dendritic cells and macrophages, very few studies
have been performed to characterize dectin-1 on keratino-
cytes. As the skin is the outermost part of the host where first-
line defense against fungal pathogens takes place, we were
interested in investigating the effects of b-glucans on human
keratinocytes, especially during conditions of skin damage
and infection, as fungal pathogens pose a more serious threat
to the host by penetrating through the impaired skin. To
mimic these conditions, we co-stimulated normal human
epidermal keratinocytes (NHEKs) with high calcium, adeno-
sine 50-triphosphate (ATP), poly(I:C), and lipopolysaccharide
(LPS) together with b-glucan, as these molecules are present
in the following conditions: high calcium induces keratino-
cyte differentiation to mimic the state of keratinocytes in the
uppermost layer of the epidermis; ATP is released in damaged
keratinocytes; and poly(I:C) and LPS are found in viral and
bacterial infections, respectively. Interestingly, our results
indicated that, together with b-glucan, high calcium, ATP,
and poly(I:C) augment inflammation by human keratinocytes.
RESULTS
b-Glucan induced IL-1a, IL-6, and IL-8 production by NHEKs
We studied the effects of b-glucan on the cytokine and
chemokine production by NHEKs at 6, 12, 24, 36, and
48 hours. We confirmed that 1 mgml1 of b-glucan also
induced significant cytokine production by NHEKs, although
it was lower compared with 20 mgml1 (data not shown), the
concentration which we used throughout our experiments
(Kondori et al., 2004). We noted elevated levels of IL-8 and
IL-6 secretion by b-glucan-stimulated NHEKs throughout the
time course compared with unstimulated keratinocytes
(Figure 1). b-Glucan significantly increased IL-1a secretion
by NHEKs only after 24 hours of stimulation. Although our
b-glucan preparation was dissolved in 0.3 M NaOH, an equal
amount of 0.3 M NaOH alone did not affect the secretion of
any cytokines tested (data not shown). We performed reverse
transcription-PCT (RT-PCR) on NHEKs stimulated with
b-glucan for 12, 24, and 48 hours, with unstimulated NHEKs
as controls, to investigate whether the transient elevation of
IL-1a at 24 hours could be seen at the mRNA level. On the
basis of our results, IL-1a upregulation was not noted in
b-glucan-stimulated NHEKs, indicating that the upregulation
was not at the transcription level (Supplementary Figure S1
online). Thus, in NHEKs, intracellularly stored IL-1a may
have been released within 24 hours after b-glucan stimula-
tion, and was degraded by 48 hours.
The effects of b-glucan on tumor necrosis factor-a, IL-10,
IL-12p40, IL-23, macrophage inflammatory protein-3a, thy-
mus and activation-regulated chemokine, and human
b-defensin 2 secretion were also studied, but no significant
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Figure 1. b-Glucan stimulation induces the production of IL-8, IL-6, and
IL-1a in NHEKs. Cells were cultured in the presence or absence of b-glucan
(20mgml1). Supernatant samples were collected at 6, 12, 24, 36, and
48hours incubation and analyzed by ELISA. Data show mean±SEM (n¼3) of
three separate experiments using cells from three donors. Significant
differences compared with medium only: *Po0.05. NHEK, normal human
epidermal keratinocyte.
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elevations were found (data not shown). Thus, our results
indicate that b-glucan induces IL-8, IL-1a, and IL-6 produc-
tion by NHEKs.
b-Glucan induced higher levels of IL-8 secretion from
differentiated NHEKs compared with non-differentiated NHEKs
We were interested in the difference of responses to fungal
elements depending on the differentiation of keratinocytes, as
well-differentiated keratinocytes are located in the upper layer
of the epidermis where initial fungal infection takes place.
Incubating NHEKs in a medium with a high-calcium
concentration (1.3mM) induced keratinocyte differentiation,
and stimulating them with b-glucan for 24hours showed a
significant increase in IL-8 levels compared with keratinocytes
incubated in low-calcium (0.05mM) concentrations
(Figure 2a). There was no significance in IL-1a or IL-6
secretion depending on calcium concentration (data not
shown). Thus, well-differentiated NHEKs secreted more IL-8
with b-glucan stimulation compared with undifferentiated
cells. We performed FACS analysis with NHEKs stimulated
with high calcium to see whether the expression of dectin-1,
as a C-type lectin, is upregulated to account for the increased
IL-8 production. On the basis of our results, dectin-1 was
rather downregulated after stimulation with calcium (1.3mM)
for 24 hours (Supplementary Figure S2 online). It was
previously reported that with dectin-2, which is another
C-type lectin, chelating extracellular calcium reduces the
binding and uptake of its ligand zymosan through
dectin-2 (Girotti et al., 2004). Therefore, it is possible that
high calcium may increase the binding and uptake of
b-glucan through dectin-1, resulting in the upregulation
of IL-8 production.
ATP and poly(I:C) increased cytokine and chemokine
production in b-glucan-stimulated NHEKs
We were also interested in the effects of fungal elements on
NHEKs under various simulating disease conditions. To serve
this purpose, we first used ATP, released as a danger signal by
keratinocytes, to simulate skin damage caused by irritant
chemicals or mechanical stimuli. ATP (250 mM) synergistically
enhanced IL-8 and IL-6 production by NHEKs stimulated with
b-glucan for 12, 24, and 48 hours (Figure 2b). ATP together
with b-glucan did not affect IL-1a production (data not
shown). Poly(I:C), a synthetic analog of double-stranded viral
DNA, was used as a model of cutaneous viral infection.
Poly(I:C) (25 mgml1) significantly elevated IL-1a levels in
NHEKs stimulated with b-glucan for 24 and 48 hours (Figure
2c). Poly(I:C) together with b-glucan did not affect IL-6 or IL-8
production by NHEKs (data not shown). LPS, which acts as a
TLR4 ligand, was adopted to imitate skin bacterial infections.
No elevation in cytokine levels was noted in the supernatants of
NHEKs treated with LPS from Escherichia coli. Similarly, stimu-
lation with b-glucan in the presence or absence of LPS yielded
no significant difference. LPS from Salmonella minnesota was
also tested and yielded the same results (data not shown).
We also used a lower concentration of b-glucan
(1 mgml1) to assess IL-8, IL-6, and IL-1a production by
NHEKs treated with various compounds. Although milder
elevations of IL-8 production were seen, IL-6 and IL-1a
production was not significantly increased, even when cells
were treated with high calcium, ATP, and poly(I:C) (data not
shown). On the basis of these results, it is evident that
b-glucan can elicit inflammatory responses in NHEKs.
Furthermore, the presence of certain danger signals or
pathogen-derived compounds can augment these responses.
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Figure 2. High calcium, ATP, and poly(I:C) augment cytokine and chemokine production by NHEKs. (a) NHEKs were incubated with 0.05 or 1.3mM calcium
for 24 hours before stimulation with b-glucan (20 mgml1). (b) Stimulation with ATP (250mM) and b-glucan (20mgml1). (c) Stimulation with poly(I:C)
(25mgml1) and b-glucan (20 mgml1). Supernatant samples were collected at 12, 24, and 48hours and analyzed for their IL-8, IL-6, and IL-1a levels through
ELISA. Data show mean±SEM (n¼ 3) of three separate experiments using cells obtained from three donors. Significant differences compared with medium or
low calcium only: *Po0.05. Significant differences compared with medium with compound or high calcium: **Po0.05. Significant differences compared with
medium or low calcium with b-glucan: wPo0.05. ATP, adenosine 50-triphosphate; NHEK, normal human epidermal keratinocyte.
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Dectin-1 expression on NHEKs was downregulated by b-glucan
We next investigated the expression of dectin-1 mRNA and
protein in NHEKs as it has been reported to be the major
b-glucan receptor in other cells (Willment and Brown, 2007;
Tsoni and Brown, 2008; Goodridge et al., 2009). As shown
in Figure 3a, dectin-1 mRNA was detected in NHEKs
and human acute monocytic leukemia cell line-1 by
RT-PCR. Dectin-2 is another type II C-type lectin receptor
found on certain antigen-presenting cells that regulate innate
immunity (Kanazawa et al., 2004; Gavino et al., 2005).
RT-PCR showed that human acute monocytic leukemia cell
line-1 expressed dectin-2 mRNA, although it was absent in
NHEKs. Furthermore, stimulation with b-glucan did not
induce the expression of dectin-2 in NHEKs (Figure 3b).
Dectin-1 was also detected on the cell surface of NHEKs
by flow cytometry (Figure 3c). The absence of dectin-1
expression after trypsin exposure showed the specificity of
dectin-1 staining in NHEKs. Stimulating cells with b-glucan
(20 mgml1) resulted in the downregulation of dectin-1 cell
surface expression. This downregulation was noted as soon as
30minutes after b-glucan stimulation (data not shown). To
rule out any effect of 0.3 M NaOH, which was used to
dissolve our b-glucan preparation, on dectin-1 expression,
NHEKs were also treated with an equivalent amount of 0.3 M
NaOH. Flow-cytometric analyses showed that although
NaOH per se marginally downregulates the expression of
dectin-1, this effect was more obviously seen after b-glucan
treatment. Thus, our results suggest that dectin-1 expression
in NHEKs was downregulated by b-glucan stimulation but
not by NaOH.
b-Glucan induced responses in NHEKs through the p44/42
MAPK (ERK1/2) and p38 MAPK signaling pathways
As dectin-1 triggers various signaling pathways including ERK
and p38 MAPK during its interaction with fungal particles, we
investigated whether these pathways were activated in
NHEKs after b-glucan stimulation using immunoblotting.
The results showed that b-glucan enhanced dual phosphor-
ylation of ERK from 15 to 20minutes and of p38 MAPK from
10 to 30minutes (Figure 4a) in NHEKs. Akt and IkB kinase a/b
phosphorylation were not induced by b-glucan in NHEKs as
examined by immunoblotting (data not shown). We also
performed immunoblots of NHEKs treated with ATP,
poly(I:C), or high calcium, and then compared them with
immunoblots of NHEKs treated with these substances and b-
glucan. Our results showed that although ERK and p38 MAPK
showed minimal activation when NHEKs were treated with
the compounds alone, addition of b-glucan significantly
augmented ERK and p38 MAPK activation (Supplementary
Figures S3, S4, and S5 online). This indicates that b-glucan is
also largely responsible for the pERK and pp38 MAPK
induction in NHEKs, which were additionally stimulated
with ATP, poly(I:C), or high calcium.
We then studied the significance of these pathways on
cytokine production by b-glucan-stimulated NHEKs. The
suppression of ERK and p38 MAPK pathway activation
(Figure 4b) in b-glucan-stimulated NHEKs was noted after
the application of specific inhibitors for these pathways
(PD98050 for ERK and SB203580 for p38 MAPK). Similarly,
both inhibitors suppressed IL-8 production by keratinocytes
stimulated with b-glucan at 48 hours (Figure 4c). These
findings indicate that the ERK and p38 MAPK pathways are
essential for keratinocytes to induce a response to b-glucan.
DISCUSSION
In this study, we showed that human keratinocytes responded
to b-glucan by producing elevated amounts of IL-8, IL-1a,
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and IL-6. We also demonstrated that high calcium-induced,
well-differentiated NHEKs responded to b-glucan by signifi-
cantly increased IL-8 production. To our knowledge, this is
previously unreported. This finding indicates that keratino-
cytes in the uppermost layer of the epidermis can effectively
mediate cutaneous immune reactions against invading fungal
organisms, which would be beneficial for host defense as the
fungi could be initially detected by the innate immune system
upon disruption of the epidermal horny cell layer.
Extracellular ATP could be released through epidermal
cell damage such as skin scratching, wounds, and UVB
exposure. ATP per se is reported to increase IL-6 production
through cAMP-generating purinergic P2Y receptors in kera-
tinocytes (Inoue et al., 2007). On the basis of our results, an
additional fungal infection can synergistically increase IL-8
and IL-6 production by keratinocytes. Poly(I:C) is a TLR3
ligand and synthetic analog of double-stranded viral RNA,
which is known to stimulate IL-8 production by keratinocytes
(Ko¨llisch et al., 2005). In our hands, poly(I:C) enhanced IL-1a
production by keratinocytes. These findings showed that a
viral skin infection could further stimulate keratinocytes to
respond to a superimposed fungal infection. This is especially
relevant in cases of immunocompromised patients. Panasiti
et al. (2007) reported in a patient with HIV-1 that herpes
simplex 2 infection can manifest atypical perianal skin
lesions, which were more numerous, extended, and ulcerated
in appearance, especially with C. albicans co-infection. As
for the effect of LPS stimulation, we used NHEKs from
neonatal foreskin in all our experiments, and the lack of LPS
reactivity in our cells is consistent with the findings of
previous studies (Kawai et al., 2002; Mempel et al., 2003;
Ko¨llisch et al., 2005). de Koning et al. (2010) also reported
that TLR4 expression was very low in normal adult
keratinocytes, compared with other TLRs, and this finding
explains why LPS does not elicit an immune response from
NHEKs. Kobayashi et al. (2009) have reported on the
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synergistic effect of histamine and b-glucan in IL-8 produc-
tion by NHEKs, suggesting that the immune response against
b-glucan is increased in the presence of an allergic condition.
The proinflammatory cytokines produced by the synergis-
tic interaction of b-glucan-stimulated NHEKs with high
calcium, ATP, and poly(I:C) are important in host defense
mechanisms. IL-8, IL-6, and IL-1a are all strong chemoat-
tractants and activators of polymorphonuclear leukocytes and
T lymphocytes (Barker et al., 1991; Van Enckevort et al.,
1999). After secretion of these cytokines from keratinocytes,
polymorphonuclear leukocytes would be recruited to the
epidermis, leading to the eventual elimination of fungal
pathogens by phagocytosis (Calderon and Hay, 1987; Csato
et al., 1990). Our results would also explain the histopathol-
ogical features of superficial Candida infections, in which
infiltrating cells are mainly neutrophils (Hay et al., 1988) and
subcorneal pustules are present (Janik and Heffernan, 2008).
The role of dectin-1 in response to b-glucan in keratino-
cytes is controversial. de Koning et al. (2010) found that the
dectin-1 mRNA expression was upregulated in psoriatic skin
lesions but cultured primary adult NHEKs were unresponsive
to b-glucan and heat-killed C. albicans. On the other hand,
Wollina et al. (2004) and Kobayashi et al. (2009) showed that
human keratinocytes responded to b-glucan derived from
barley and C. albicans strains, respectively, which was
consistent with our present results. The different types of cells
used in these experiments could explain the reason for these
different responses to b-glucan. Tjabringa et al. (2008) reported
that foreskin keratinocytes were more inflammatory in their
gene expression compared with adult keratinocytes, making
primary adult keratinocytes the preferred choice of cells as
they exhibited the same features as normal skin. Thus, the use
of foreskin keratinocytes is one of the limitations of our study.
Other factors that may account for the differences in
results may involve glucan preparation (Chen and Seviour,
2007) and reagents used, as well as culture conditions. To
reproduce the actual effect of fungal b-glucans on keratino-
cytes, we used glucan from baker’s yeast (Saccharomyces
cereviciae) because its b-(1-3), (1-6) glucose polymers
resemble those of fungal b-glucans (Tsoni and Brown, 2008).
On the basis of our RT-PCR and flow-cytometric results,
dectin-1 was expressed in NHEKs and stimulation with
b-glucan for 24 hours downregulated its cell surface expres-
sion. This finding was also noted by Ozment-Skelton et al. in
leukocytes, which internalized systemically administered
glucans after receptor–ligand interaction, leading to a
significant loss in dectin-1 levels on leukocyte membranes
for as long as 7 days. This effect was specific for glucan
polymers, whereas mannan and pullulan did not yield this
result (Ozment-Skelton et al., 2006). On the basis of our data,
cell-surface dectin-1 downregulation can be noted as early as
30minutes after NHEK was stimulated with b-glucan (data
not shown). This rapid downregulation is consistent with the
notion that NHEKs can also internalize b-glucan together
with dectin-1.
The activation of MAPKs leads to induction of numerous
pro-inflammatory molecules after the activation of pattern-
recognition receptor signaling (Jo et al., 2007). As dectin-1
has been known to activate MAPK pathways, our findings
that the p44/42 MAPK (ERK1/2) and p38 MAPK signaling
pathways were activated by NHEKs during b-glucan stimula-
tion, although not conclusive, suggest that dectin-1 may be
responsible, at least in part, for recognition of b-glucan in
keratinocytes. This is further confirmed by the inhibitory
effects of PD98059 and SB203580 on IL-8 production by
b-glucan-stimulated NHEKs, indicating that the MAPK path-
ways are functionally important in mediating the responses of
keratinocytes to b-glucan.
In conclusion, high calcium, danger signals such as ATP,
and pathogen-derived components like poly(I:C) can aug-
ment inflammation in b-glucan-stimulated NHEKs, leading to
a rapid and effective host defense against cutaneous fungal
infections along with skin damage and viral diseases.
Dectin-1 expressed on NHEKs may have an essential role
in responses to b-glucans in these cells, although further
studies are required to fully evaluate its role.
MATERIALS AND METHODS
Cells
The NHEKs from neonatal foreskin were purchased from Kurabo
(Osaka, Japan). Human acute monocytic leukemia cell line-1 cells
were purchased from American Type Culture Collection (Manassas,
VA). NHEKs were cultured in serum-free Humedia-KG2 (Kurabo)
supplemented with insulin (10 mgml1), human recombinant EGF
(0.1 ngml1), hydrocortisone (0.5 mgml1), gentamycin (50 mgml1),
and bovine pituitary extract (0.4% (v/v)). Human acute monocytic
leukemia cell line-1 cells were cultured in RPMI 1640 (Wako,
Osaka, Japan) supplemented with 10% heat-inactivated fetal bovine
serum and penicillin–streptomycin. All cell cultures were maintained
at 37 1C in humidified incubators with 5% CO2.
Abs and reagents
Mouse anti-human dectin-1 antibody (Ab) from R&D Systems
(Minneapolis, MN) was reconstituted and stored according to the
manufacturer’s guidelines. Mouse IgG2bk isotype control Ab was
obtained from Sigma-Aldrich (St Louis, MO), and FITC-conjugated
polyclonal goat anti-mouse Ig was purchased from Dako Cytomation
(Glostrup, Denmark). Horseradish peroxidase-conjugated polyclonal
goat anti-mouse IgG and horseradish peroxidase-conjugated goat
anti-rabbit IgG were purchased from Santa Cruz Biotech (Santa Cruz,
CA). Phospho-p44/42 MAPK (ERK1/2), p44/42 MAPK (ERK1/2),
phospho-p38 MAPK (Thr 180/Tyr 182) (3D7), p38 MAPK, phospho-
Akt (Ser 473), total Akt, phospho-IkB kinase-a/b (Ser 176/180),
b-actin Abs, and PD98059 were purchased from Cell Signaling
Technology (Beverly, MA). SB203580 and EDTA were purchased
from Calbiochem (La Jolla, CA). EGF was obtained from R&D
Systems. Glucan from baker’s yeast (S. cerevisiae), ATP, LPS from
Escherichia coli, and DMSO were purchased from Sigma-Aldrich.
Poly(I:C) and ultrapure S. minnesota LPS were purchased from
InvivoGen (San Diego, CA). NaOH and calcium chloride dihydrate
were obtained from Wako.
Cytokine and chemokine detection by ELISA
All ELISA experiments were performed in triplicate, using NHEKs
obtained from three donors. NHEKs were plated at 2.0. 104 cells
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per well in 24-well plates (Falcon, Becton-Dickinson Labware,
Franklin Lakes, NJ). Upon reaching subconfluency, fresh medium
with b-glucan (20mgml1) or an equal amount of 0.3M NaOH alone
was added. NHEKs were pre-treated with 1.3 or 0.05mM calcium
chloride dihydrate in Humedia KB2 (Kurabo) 24hours before
b-glucan or NaOH stimulation. NHEKs were pre-treated 1 hour
before b-glucan or NaOH stimulation with ATP (250mM), poly(I:C)
(25mgml1), LPS from E. coli or S. minnesota (10ngml1).
Supernatants were collected at 12, 24, and 48hours after stimulation
with b-glucan or NaOH. IL-8/CXC chemokine ligand 8, IL-1a, IL-6,
IL-10, IL-12p40, IL-23, tumor necrosis factor-a, thymus and activa-
tion-regulated chemokine/CC chemokine ligand 17, macrophage
inflammatory protein-3a/CC chemokine ligand 20 concentrations in
the supernatants were measured by ELISA (R&D Systems) according
to the manufacturer’s protocol. Human b-defensin 2 was measured
by ELISA purchased from PeproTech (Rocky Hill, NJ).
To determine the effects of PD98059 and SB203580 on b-glucan-
stimulated NHEKs, keratinocytes (2.0 104 cells) were seeded in
triplicate into 24-well plates with 0.4ml Hu Media KG2, adhered
overnight, and then incubated for 24 hours with medium depleted of
growth supplements. In all, 75 mM PD98059 or 20mM SB203580
were added 30minutes before cells were stimulated with b-glucan
(20 mgml1). For control, NHEKs were treated with an equivalent
amount of DMSO used to reconstitute the inhibitors. Cell super-
natants were collected after 48 hours and IL-8 production was
measured by ELISA. Data were presented as percentage modulation,
calculated as follows:
IL-8 production for b-glucan-stimulatedNHEKs
IL-8 produced byDMSO-incubatedNHEKs
100
Dectin-1 mRNA expression
Total RNA was isolated from cells using the RNeasy Mini-Kit as
instructed by the manufacturer (Qiagen, Valencia, CA) and DNAse I
(Invitrogen, Carlsbad, CA) was used to prevent genomic DNA
contamination. Complementary DNA synthesis was achieved by
using the SuperScript First-Strand Synthesis System for RT-PCR
reaction (Invitrogen). PCR analysis was performed as templates of the
synthesized cDNA using the Gene Amp PCR System 2700 (Applied
Biosystems, Carlsbad, CA). Quantitative PCR Human Reference
cDNA (Clontech, Takara Bio, Shiga, Japan) was used as positive
control. To assess the expression of dectin-1, the following primers
were used: forward primer, 50-TTTAGAAAATTTGGATGAAGATG-
GA-30; reverse primer, 50-ATATGAGGGCACACTACACAGTTG-30
(Gru¨nebach et al., 2002). The following conditions were used for RT-
PCR: denaturation at 94 1C for 5minutes, followed by 35 cycles of
94 1C for 30 seconds, annealing at 60 1C for 30 seconds, and
extension at 72 1C for 30 seconds (Lee et al., 2009). For determina-
tion of dectin-2, the following primers were used: forward primer, 50-
CTGGGCAACATCTTTAGGGAGAGAGG-30; reverse primer, 50-GA
ATGGAACAAAGAGAGGAAGGGTGC-30 (Kanazawa et al., 2004).
The following conditions were used for RT-PCR: denaturation at
94 1C for 5minutes, followed by 35 cycles of 94 1C for 45 seconds,
annealing at 55 1C for 45 seconds, and extension at 72 1C for
59 seconds. For determination of IL-1a, the following primers were
used: forward: 50-GTCTCTGAATCAGAAATCCTTCTATC-30; reverse:
50-CATGTCAAATTTCACTGCTTCATCC-30. The following conditions
were used for RT-PCR: denaturation at 94 1C for 5minutes, followed
by 30 cycles of 94 1C for 30 seconds, annealing at 55 1C for
30 seconds, and extension at 72 1C for 1minute. For human
glyceraldehydes-3-phosphate dehydrogenase, the following primers
were used: forward: 50-TGAAGGTCGGAGTCAACGGATTTGGT-30;
reverse: 50-CATGTGGGCCATGAGGTCCACCAC -30.
Flow cytometry
Cells were harvested using phosphate-buffered saline with 2.5mM
EDTA and stained with monoclonal mouse anti-human dectin-1 Ab
(1:100) for 30minutes at 4 1C. Cells were washed twice and treated
with FITC-conjugated goat anti-mouse IgG (1:200) for 30minutes at
4 1C. Isotype control mouse IgG Ab (1:100) served to assess
background staining. Flow cytometry was performed using a FACS
Calibur flow cytometer as indicated by the manufacturer (Becton-
Dickinson, San Diego, CA). Data were analyzed using Cell Quest
(Becton-Dickinson). Propidium iodide (Sigma-Aldrich) was added to
exclude dead cells.
Immunoblots
For determination of p38 MAPK phosphorylation, NHEKs
(6.0. 104) were plated in 6-well plates (Falcon, Becton-Dickinson
Labware) and upon reaching subconfluency, they were cultured in
medium without growth supplements for 24 hours before stimulation
with ATP, poly(I:C), or high calcium, with or without b-glucan
stimulation, along the time course mentioned. For assessment of
ERK, phosphate-buffered saline was used as the medium for 6 hours
before stimulation with the compounds. To assess ERK and p38
MAPK inhibition, cells were treated with 75 mM PD98059 or 20 mM
SB203580 for 30minutes before stimulation with b-glucan for
15minutes. EGF was used as positive control for ERK. Cell samples
were disrupted in lysis buffer (20mM Tris (pH 7.5), 150mM NaCl,
1mM ethylene diaminetetraacetic acid, 1mM ethylene glycol
tetraacetic acid, 1% Triton X-100, 2.5mM sodium pyrophosphate,
and 1mM b-glycerophosphate) with 1mM phenyl methyl sulfonyl
fluoride (Nacalai Tesque, Kyoto, Japan), 1mgml1 leupeptin
(Peptide Institute, Osaka, Japan), and 1mM sodium orthovanadate
(Sigma-Aldrich). The proteins in the lysis buffer were then mixed in
NuPAGE LDS Sample Buffer and NuPAGE Sample Reducing Agent
(Invitrogen) and denatured by heating at 95 1C for 5minutes. SDS-
PAGE was performed with NuPAGE 4–12% Bis-Tris gels and MES
SDS running buffer (Invitrogen). Resolved proteins were transferred
to Immobilon-P membranes (Millipore, Bedford, MA) and were
incubated with blocking buffer (5% skim milk in 25mM Tris/0.02%
KCl/0.8% NaCl (pH 7.4) tris-buffered saline) for 2 hours at room
temperature, followed by the appropriate primary Ab overnight at
4 1C. Lumiglo reagent and peroxide solution (Cell Signaling
Technology) were used to visualize the protein bands in conjunction
with horseradish peroxidase-detecting Ab. Aside from ERK and p38
MAPK phosphorylation, immunoblotting using phospho-Akt and
phospho-IkB kinase-a/b Abs was performed to determine the
involvement of these pathways in the interaction of NHEK with
b-glucan.
Data analysis and statistics
Data represent mean±SEM. Statistical differences between two
groups were determined using two-tailed Student’s and Aspin-
Welch’s t-tests after F-test. Differences were considered to be
significant at Po0.05.
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